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Na+/H+ exchange inhibitors reverse lactate-induced depression 
in postischaemic ventricular recovery 
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1 By use of pharmacological approaches, the present study examined the hypothesis that the dele- 
tenons effect of lactate on postischaemic ventricular recovery may be mediated, at least in oart bv 
enhanced activation of the Na*/H* exchanger at the time of rejirfusion. n p n. oy 

2 Spontaneously beating isolated hearts of the rat were subjected to ISmin zero-flow global ischaemia 
followed by 30 nun reperfusion. The effects of lactate (10, 20 or 40 mM) were studied by adding k 
20 mm before isdiaemia whereas reperfusion was carried out with lactate-free buffer 
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NaVH"^ antiporl (Dennis et al„ 1990; Duff et al., 1991). 

Because of the potential importance of the Na*/H'*' ex- 
changer to recovery following ischaemia, it was hypothesized 
that inhibition of postischaemic recovery by lactate could be 
mediated by an initial lactate-induced acid load followed by 
enhanced Na*/H* exchange activation at the time of reflow. 
To examine this possibility indirectly, we evaluated the effect 
of amiloride (Frelin et aL, 1984; Sirachowitz & Cragoe, 
1986), a non specific Na*/H* exchange inhibitor and 5-N,N- 
hexamethylene amiloride. an inhibitor of the exchanger dem- 
onstrating markedly greater specificity and potency than the 
parent compound (Simchowitz & Cragoe, 1986), on lactate- 
induced functional and metabolic changes in the ischaemic 
and reperfused rat heart. 



Methods 

Male Sprague-Dawley rats weighing between 250 and 300 g 
were used in these studies. Animals were purchased from 
Charles River Canada Ltd. (St. Constant, Quebec, Canada). 
The animals were maintained in the Animal Care Facilities of 
the Faculty of Medicine, University of Western Ontario with 
free access to food and water in accordance with guidelines 
of the Canadian Council on Animal Care (Ottawa, Ontario). 

For perfusion, the animals were killed by decapitation and 
the heart was rapidly excised, placed in a small crucible 
containing ice-coid Krebs-Henseleit buffer (composition be- 
low) and squeezed a few times with fingers to dislodge any 
clotted blood in the coronary vasculature. The heart was 
then mounted by the aorta on a stainless steel cannula and 
arranged for retrograde perfusion via the coronary arteriw 
according to the Langendorff method as described in detail 
previously (Kannazyn, 1988; Watson & Karmazyn, 1991). 
The perfusion fluid was Krebs-Henseleit buffer (pH 7.4) of 
the following composition (in mM): NaCl 120, NaHCOs 20, 
KCl 4.63, KH2PO4 1.17, MgClj 1.2, CaClj 1.25 and glucose 8 
as substrate. The buffer was continuously gassed with a 95% 
02/5% COj mixture. Flow rate was set at lOmlmin'* and 
controlled by a Watson-Marlow peristaltic pump. Contractile 
force (apicobasal displacement) was obtained by connecting a 
force displacement transducer (Grass FT.03) to the apex of 
the heart at an initial preload stretch of 2g. For most 
experiments, hearts were allowed to contract spontaneously. 
In order to remove the contribution of rate to postischaemic 
recovery, some experiments were also done in which hearts 
were electrically stimulated at 5 Hz with a Grass S44 stimu- 
lator via platinum electrodes inserted into the ventricular 
epicardium. The entire system was regulated at 37*C All 
recordings were obtained with a Grass polygraph. 

The hearts were initially equilibrated for a 30 rain per- 
fusion period before induction of ischaemia. Where the 
effects of lactate were examined, sodium lactate (Sigma 
Chemical Co.. St. Louis. MO, U.S.A.) was administered 
20min before ischaemia at a final concentration of either 10, 
20 or 40 mM; for these experiments NaQ was reduced by 
equimolar concentrations, as appropriate. Only 40 mM lactate 
was examined in paced hearts. To test the effects of Na "*■/«[ 
exchange inhibitors, either amiloride (Sigma) dissolved in 
water after gentle warming (174 fXM final concentration) or 
5-N,N.-hexamethylene amiloride (HMA, 1 jam. Research Bio- 
chemicals Inc., Natick, MA, U.S.A.). dissolved in methanol 
(0.004% final buffer concentration) was added concomitantly 
with lactate. Initial experiments showed that ndther of the 
two Na+/H+ exchange inhibitors or the HMA vehicle had a 
direct effect on cardiac function when added on their own. 

Following the equilibration period, hearts were subjected 
to zero-flow ischaemia with or without a further 3()min 
reperfusion period. Zero-flow global ischaemia was initiated 
by turning off the perfusion pump for ISmin, care being 
taken to ensure temperature was maintained at 37*C during 
the ischaemic period. It should be emphasized that hearts 
initially treated with lactate were reperfused without lactate 



present in the buffer. However, when either amiloride or 
HMA was studied, these drugs were also present in the buffer 
for the first 5 min of reperfusion after which reperfusion was 
continued with drug-free buffer. 

To obtain a full profile of energy metabolite content, 
hearts were clamped between tongs precooled in liquid nit- 
rogen while on the perfusion cannula either immediately 
before the start of ischaemia, at the end of the 15 min 
ischaemic period or after 5 or 30 min of reperfusion. The 
frozen tissue was pulverized in liquid nitrogen and extracted 
with 6% perchloric add for determination of high energy 
phosphate, adenine nucleotide or lactate content by use of 
enzymatic techniques as described previously (Bergmeyer, 
1963; Watson & Karmazyn, 1991).. 

Statistical analyses were carried out by use of Analysis of 
Variance followed by Student-Newman-Keuls test to locate 
significant differences between treatment groups. Treatments 
were considered significant when ?<0.05. 



Results 

Basal function 

Table 1 demonstrates functional parameters of rat isolated 
hearts prior to initiation of ischaemia. No direct effect of 10 
or 20 mM lactate on developed force or ventricular rate was 
observed whereas at 40 mM, lactate significantly depressed 
contractile force in the presence oi* absence of either amilo- 
ride or HMA. This cardiodepressant effect of 40 mM lactate 
■was observed in both spontaneously beating or paced hearts, 
although with respect to the latter, a significant effect was 
seen only in the presence of HMA. Although the highest 
concentration of lactate exerted no effect on spontaneous 
ventricular rate, a significant negative chronotropic effect was 
observed in the presence of either amiloride or HMA (Table 
I). No direct effect of lactate on resting tension was ever 
observed (not shown). 

Tissue lactate contents 

Profiles of lactate content are shown in Table 2. Lactate 
values increased markedly following 15 min ischaemia and. 
expectedly, these values were further increased by lactate 
treatment in a concentration-dependent fashion. Thus, in 
hearts pretreated with 40 mM lactate, tissue lactate at the end 
of ischaemia was approximately 80% higher than seen in the 
absence of lactate. Elevations in lactate content were 
unaffected by either amiloride or HMA treatment. After 
reperfusion, lactate values rapidly (within 5 min) returned to 
values which were essentially similar to those seen in non- 
ischaemic hearts. This recovery was unaffected by either lac- 
tate pretreatment or by amiloride or HMA. 

Effects of lactate on the ischaemic and reperfused heart 

Figure 1 shows the recovery of reperfused spontaneously 
contracting isolated hearts of the rat following a 1 5 min 
zero-flow ischaemic period, under control conditions or when 
pretreated vwth either 10, 20 or 40 mM lactate and reperfused 
with lactate-free buffer. In control hearts, force recovered to 
78 ±4% of preischaemic values after 30 min reperfusion 
which was not significantly affected by lOmM lactate. How- 
ever. 20 and 40 mM lactate significantly (F<0.05) attenuated 
force recovery to 17 ±3% and 16 ±4% of preischaemic 
values, respectively. . . ^ 

Recovery in ventricular rate was similar for control hearts 
and hearts treated with 10 mM lactate (96.5 ±6.4% and 
86 ±7.6%, respectively. Figure 1). However, treatment with 
both 20 and 40 mM lactate significantly (P<0.05) depressed 
recovery of ventricular rate to 34 ± 7.6% and 38± 12% of 
preischaemic values, respectively (Figure 1). It should be 
noted that in hearts treated with lactate (« = 15), 4 (26.6 /o) 
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Table 1 Function data before the initiation of ischaemia in spontaneously contracting and paced hearts 



Tteatment 



Control 

Lactate 10 mM 

Lactate 20 mM 

Lactate 40 mM 

Lactate 40 mM + amiloride 

Lactate 40mM + HMA 

Control 
Lactate 40 mM 
Lactate 40 mM + amiloride 
Lactate 40mM + HMA 



Force (g) 



7.5 ± 0.4 
72 ±0,6 

5.7 ±K0 

3.6 ±0.5* 
3.5 ±0.8* 
4.0 ±0.5* 

5.8 ±0.5 

3.9 ±0.4 

3.7 ± 0.5 
3.5 ± 03* 



Ventricular rate (beate min"*) 
Spontaneously contracting 

329116 
309 ± 12 
311126 
321 1 18 
269 1 23* 
2841 13* 

Paced 



Table 2 Lactate content in control, ischaemic and reperfused hearts 



Treatment 



30 miQ normal 
perflision 
15 rain 
ischaemia 
5min 

reperfusion 
30 min 
repeifuaon 



0 


10 


20 


40 


40 + Amiloride 


8.311.6 


Tissue lactate content 
SS ±2.5 i9.8i7.3 


O«nolg-^ dry wt.) 
47.8il6.5' 


97.8111.6 
5.912.4 
7.813.6 


111.6123.6 
4.710.9 
5.210.7 


136.9117.5 
4.912.7 
6.312^ 


173.8121.5* 
6.111.1 
3.8 lU 


197.6117.7* 
4.6111.8 
5.911.6 



40 + HMA 

183.0 1 27.4* 
5.811.7 
3.4 111 
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contents under the various experimental conditions. Fifteen 
minutes of zero flow ischaemia resulted in a large and 
significant reduction in tissue hig^ energy phosphates, partic- 
ularly creatine phosphate (CrP). These changes were accom- 
panied by increases in adenosine 5'-diphosphate (ADP) levels. 
The magnitude of these changes was unaffected by any treat- 
ment Repezfusion for 30inin resulted in an incomplete 
recovery in high energy phosphate and adenine nudeotide 
contents. Interestingly, there were no significant differences in 
these values between any of the treatment groups studied, 
despite the substantial effects on contractile recovery produced 
by lactate pretreatment and Na'*'/H* exchange inhibitors. 



Discussion 
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Figure 2 Effect of amiloride (A) or 5-N,N-hexainethyleiic amiloride 
(A) on depression in postischaemic developed force and ventricular 
rate recovery produced by 40 mM lactate in rcperfiised isolated spon- 
taneously beating rat hearts following 15 min zero-flow ischaemia. 
See Methods for description of drug addition protocols. Values 
indicate means of h = 15; s.c. iriean shown by vertical bars. ♦?<0.05 
from values obtained with lactate alone. (•) Effect of lactate alone. 
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Rgare 3 Effect of pretreatment with 40 mM lactate in the presence 
or absence of amiloride or 5-N,N-hexamethylene amiloride (HMA) 
on developed force recovery in reperfused isolated paced rat hearts 
following 15 min zero-flow ischaemia. See Methods for description of 
drug addition protocols. Values indicate means of « » 5; s.e. mean 
shown by vertical bars. *P<Q.05 from other treatment groups 
except the first two points which indicate a significant difleroice from 
control group only. (•) Control; effect of lactate alone (O) and m 
the presence of amiloride (▲) or HMA (A). 

tion in resting tension in the presence of 40 mM lactate was 
significantly attenuated by both amiloride and HMA (Table 
3), 

Profile of myocardial energy metabolism 

Table 4 shows a summary of changes in energy products in 
terms of high energy phosphates and adenine, nucleotide 



Myocardial ischaemia results in numerous biochemical ab- 
berations among which are the accumulation of various pro- 
ducts derived from anaerobic glycolytic metabolism (Neely & 
Feuvray, 1981). It has been suggested that accumulation of 
these products during ischaemia may contribute to dimin- 
ished functional recovery upon reperfusion (Neely & Grotyo- 
hann, 1984). Of these, lactate has been suggested to represent 
ai particularly important factor in limiting recovery. This 
contention is supported by the finding that prevention of 
lactate accumulation through glycogen depletion results in 
improved recovery of isolated hearts following reperfusion 
whereas addition of exogenous lactate results in markedly 
diminished recovery (Neely & Grotyohann, 1984). Never- 
theless, the involvement of lactate and approaches aimed at 
preventing its accumulation still remain controversial. For 
instance, with respect to lactate accumulation, it has been 
shown tiiat preischaemic hypoxia and subsequent glycogen 
depletion in rabbit hearts does not prevent lactate accumula- 
tion during ischaemia and indeed actually results in dimin- 
ished recovery after reperfusion (Lagerstrom et al,, 1988). 
Furthermore, it has recentiy been demonstrated that exogen- 
ous lactate (10 or 50 mM) failed to increase damage in rat 
cardiac myocytes subjected to anoxia and reoxygenation 
(Gdsbuhler & Rovetto, 1990). The reasons for such apparent 
discrepancies still remain to be elucidated although they may 
be related to such factors as species or experimental model. 

The present results are supportive of previous studies 
demonstrating deleterious effects of lactate in various models 
of myocardial ischaemia (Neely & Grotyohann, 1984; Ferrier 
et al., 1985; Northover, 1987; 1989) which demonstrate that 
exogenous lactate, at concentrations sunilar to those used in 
the present study, can mhibit postischaemic recovery. It is 
important to emphasize that altiiough lactate is a car- 
diodepressant on its own, the ability of lactate to depress 
recovery is most likely due to cellular mechanisms initiated 
by ischaemia and reperfusion since reflow was carried out in 
tiie absence of lactate in the perfusion medium. Indeed, as 
early as 5 min after reperfusion, lactate contents were similar 
in all treatment groups despite markedly different degrees of 
functional recovery. In addition, it should be emphasized 
that 20 mM lactate was equally effective in reducing post- 
ischaemic recovery in the absence of a significant direct 
negative inotropic influence. The inability of 10 mM lactate to 
depress recovery was surprising, although it may suggest that 
critically high tissue lactate levels must be achieved in order 
for the deleterious effect of lactate to be manifested. 

Differences in depletion in high energy phosphate stores as 
a consequence of ischaemia or the degree of repletion of 
these compounds after reperfusion were also unlikely to 
represent contributing factors, since values did not differ 
between treatment groups under any of the conditions 
studied. This finding is in agreement with various other 
studies showing dissodation between depletion-repletion of 
high energy phosphates and postischaemic ventricular recov- 
ery under various experimental conditions (Higgins & Black- 
burn, 1984; Neely & Grotyohann, 1984; Karma^ & Neely, 
1989; Currie & Karmazyn, 1990; Murphy et al., 1991). Not 
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Table 3 Effects of treatments on resting tension in ischaemic and reperfused hearts 



Time 



Omin 

ISroin isch 
Reperfusion 
5min 

lOmio 

15min 

20min 

30min 



Omin 

15min isch 
Reperfusion 

5min 
lOmin 
15miD 
20min 
30 min 



Control 



2.0 ±0 
2.0 ±0 

4,0 ±0.7 
Z7 + 0.4 
2.4 ±0.4 

2.3 ±0.3 

2.4 ±0.5 



2.1 ±0.2 
3.1 ±0.4 

5.5 ±0.9 
3.9 ±1.3 
2.7 ±0.5 
2.5 ±0.4 
2.4 ±0.4 



Treatment 

Lac 40 mM Lac 40 mM -H Amil 

Resting tension (g) 
Spontaneously beating hearts 

2.6 ±0.4 2.0 ±0.3 

2.3 ±0.5 2.0 ±0 

4.4 ±1.1 2.6 ±0.5 

3.7 ± 0.8 2.5 ± 0.5 
2.7 ±0.6 2.2 ±0.2 

2.5 ±0.4 2.3 ±0.1 
2.7 ±0.8 2.0 ±0 

Paced hearts 

2.0 ±0.3 2.0 ±0.1 
4^ ±0.4 2.7 ±0.4 

7.1 ±1.2 4.1 ±0.3* 
4.7 ± 0.8 2.9 ± 0.5 
3-6 ±0.6 2.5 ±0.6 
3.0 ±0.3 2.7 ±0.2 
3.0 ±0.3 2.6 ±0.3 



Lac 40 mM + HMA 



2.0 ±0,1 
2.0 ±0 

3.3 ±0.5 
3.2 ±0.5 
2.7 ±0.3 
Z2±0.2 
2.2 ±0.2 



2.0 ±0.2 

2.1 ±0.5 

3.6 ±0.5* 
3.0 ±0.4 
2.5 ± 0.4 
Z3 ± 0.4 
2.3 ± 0.4 



values immediately before ischaenil hexamethylene amflonde. Lac = lactate, iscfa = ischaemia. Zero min data refer to 



TaMe 4 Hieh ene^g, phosphate and adenine nucleotide contents in control, ischaemic and rcperfliscd heart. 



Treatment 

30 min normal perfusion 
Control 

Lactate 10 mM 

Lactate 20 mM 

Lactate 40 mM 

15 min ischaemia 

Control 

Lactate lOmM 

Lactate 20 mM 

Lactate 40 mM 

Lactate 40 mM + amiloride 

Urtate 40mM + HMA 

5 min reperfusion 

Control 

Lactate 10 mM 

Lactate 20 mM 

Lactate 40 mM 

Lactate 40 mM + amfloride 

Uctalc 40mM + HMA 

30 min reperfusion 

Control 

Lactate 10 mM 

Lactate 20 mM 

Lactate 40 mM 

Lactate 40 mM + amiloride 

Lactate 40mM + HMA 



ATT 



22.4 ±Z7 

24.6 ±4.3 

23.7 ±2.9 
23.3 ±1.3 

7.1 ±1.6 
7.1 ±0.9 
9.8 ±2.1 

10.8 ± 3.8 

n.9±i.3 

12.1 ±3.4 

11.6 ±1.5 
9.7 ±1.3 

12.3 ±1.8 

10.7 ±2.3 

13.5 ±1.6 

12.2 ±3.0 

14.7 ±3.1 

17.3 ± 2.9 

11.9 ±2.7 
12.5 ±3.1 

13.4 ±4.1 
12.9 ±3.4 



Metabolite O«nolg-* dry WL) 
CrP ADP 



AMP 



28.3 ±3.9 

32.7 ±4.0 
31.6±1.0 

30.8 ±5.2 

3.1 ±0.7 

2.7 ±1.3 
4.0 ±0.7 

4.2 ±0.4 
6.9 ±1.8 

5.8 ±1.5 

9.8 ±1.2 
8.7 ±0.8 
13.6 ±2.8 

11.8 ±1.7 

12.9 ±1.3 

14.6 ±1.8 

19.8 ±4.0 
19.0 ±4.8 
15.3 ±3.2 

14.7 ±3.6 

15.7 ±3.0 

16.8 ±5.7 



value. Indicau means ± s...ean of 15 except lOmM hcu.u data wh«e „ = 



7.3 ±1.0 
6.8 ± 0.7 

7.0 ±0.6 

6.6 ±1.0 

11.9 ±2.0 
12.4 ±3.3 
13.3 ±0.8 

8.8 ±1.0 
10.3 ±2.8 

9.9 ±1.3 

5.1 ±0.6 
4.9 ±1.1 

5.8 ±1.2 

4.9 ± 0.8 

5.7 ±0.7 

5.8 ±1.0 

4.9 ± 0.8 
5.3 ±1.0 
5.0 ±0.9 
4.9 ±1.0 
4.5 ±0.9 
3.9 ±0.6 



3.4 ± 0.5 

3.1 ±0.6 
Z7±0.6 
3.0 ±0.7 

1.6 ±0.5 

2.4 ± 0.6 
1.9 ±0.8 
5.3 ± 0.7 

4.7 ±0.8 

5.2 ±0.9 

2.5 ±0.8 

3.0 ± 0.7 

3.1 ±0.9 

2.7 ±0.6 

2.5 ±0.3 
2.9 ±0.7 

2.8 ±0.7 
3.1 ±0.5 

2.6 ±0.7 
2.5 ±0.8 
2.3+1.0 
Z0±0.6 



study was the SSSteJtLtZ' ""T"^ " ^ 

tl»t this protective effect of -j *ovra 
inhibition of tte^^Si^tr '^'^''^ ^ 

Na* concentration aiid Ae s^^ ^^'"'°°> '» 



5- HMA=.hexamethylene amilofide. 



^d^S^^ mvTx? f accumulation at the 
^ y 1^89). Thus, the importance 
documeJted «J"n' appears to be adequately 

if S*m^«!.h?*'^ """^ 1°"* ^^inine pharmacologicaUy 

tory effects on oth^Si ^'on^e exerte numerous inhibi- 

stantiaiiv t.i„u.. exchange at concentrations sub- 

' required to inhibit Na+/H+ 



6 or tnat were used m the present study (Floreani et 
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fl/., 1987). To strengthen the concept of Na'^/H* exchange 
involvement, we also tested the effects of HMA, a markedly 
more specific and potent inhibitor of Na^/H*^ exchange 
(Simchowitz & Cragoe, 1986). The ability of both agents to 
potently reverse lactate-induced depression of ventricular 
recovery suggests that a potential mechanism for the latter 
may involve stimulation of Na^/H* exchanger. For instance, 
cellular lactate uptake (Dennis et aL, 1984; Mann et aL, 
1985) could result in increased intracellular addification dur- 
ing iscfaaemia and, since the pH gradient r^resents a primary 
determinant of Na'*'/H'*^ exchange activation (Lazdunski et 
ai., 1985; Piwnica-Worms et al, 1986), increased Na*/H+ 
exchange activation upon reperfusion. It is also interesting to 
note that the beneficial effects of both amiloride as well as 
HMA were observed even though the drug treatment was 
restricted only to the initial 5 min of reperfusion, suggesting 
that early events during refiow modulate recovery. Nonethe- 
less, it should be noted that pHi was not measured m the 
present study and hence the degree of intracellular 
acidification following lactate preperfusion cannot be estab- 
lished. In addition, although tissue lactate content was 
measured, this represents total content found both intracel- 
lularly as well as interstirial space. Thus, the precise degree of 
lactate uptake into myocyte cannot be established with cer- 
tainty. Taken together, an alternative explanation for the 
protective effects of amiloride or HMA may ejcist: for exam- 
ple that both drugs prevented ischaemia-induced changes in 
cellular homeostasis. For instance, it has been shown that 
amiloride can block the elevations in both [Na+1 and [Ca**l 
that occur during ischaemia in the absence of adenosine 
5'-triphosphate (ATP) preservation resulting in improved 
postischaemic recovery (Murphy et al, 1991). In the present 
study, neither amiloride nor HMA exerted significant 
beneficial effects when administered at the tnne of refiow 
(data now shown), a finding in agreement with a previous 
study by the author (Kaimazyn, 1988) at least with respect to 



amiloride. Thus, the possibility exists that modulation of 
cellular events occurring during ischaemia represents an 
important constituent for the salutary effects of Na^/H* 
exchange inhibitors. It is also noteworthy that the deleterious 
effects of exogenous lactate and the protective effects of 
amiloride or HMA were not restricted to developed force 
since lactate also produced diminished recovery in rate which 
was reversed by the Na*/H* exchange inhibitors. ^ The 
mechanism for the rate effects is uncertain particularly in an 
isolated heart preparation which precludes detailed investiga- 
tions into celli^ mechanisms, especially in terms of electro- 
physiological changes. It is interesting that intracellular 
acidification inhibits the calcium channd (Kaibara & 
Kameyama, 1988) and it could therefore be speculated that 
combined ischaemia plus exogenous lactate results in pro- 
longed inhibition of pacemaker activity upon refiow. How- 
ever, this possibility cannot explain the ability of either 
amiloride or HMA to reverse the effects of lactate on rate in 
the reperfused myocardium. Moreover, as only ventricular 
rate was measured, it cannot be stated with certainty whether 
reduced rate recovery represented effects on ventricular or 
atrial conduction. Mechanistic-based studies are currently 
being planned using myocyte preparations, where intracel- 
luiaf events such as ionic and electrophysiological changes 
could be precisely monitored. 

Irrespective of precise mechanisms involved, the results of 
the present study add to the emerging body of evidence that 
Na^/H* exchange inhibitors may represent an important 
approach towards the salvage of the ischaemic myocarditmi 
followmg reperfusion procedures. 
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